1. Introduction {#sec1-biomolecules-10-00013}
===============

Genetic instability allows neoplasia cell growth. The phenotype of these cells was described by Hanahan and Weinberg, and it is characterized by sustained proliferative signaling, replicative immortality, resistance to cell death, metabolic reprogramming, promotion of angiogenesis and inflammation, activation of invasion and metastases formation, insensitivity to anti-proliferative factors, avoidance of immune suppression, and development of an immunosuppressive environment \[[@B1-biomolecules-10-00013]\].

This model shows the importance of the relationship between cancer cells and host. Tumor environment, particularly the immune system, plays a major role in the development and elimination of cancer cells. Understanding the effects of tumor cells and antitumor treatments, such as radiotherapy and chemotherapy, on the immune system will help the development of support treatments, improving patients' survival. Among chemotherapeutic drugs, platinum derivatives have a huge importance in the therapeutic arsenal. Oxaliplatin, cisplatin and carboplatin are commonly used for the treatment of colorectal, lung, ovarian, head and neck, breast, bladder and testicular cancers \[[@B2-biomolecules-10-00013]\]. However, knowledge on the immune environment of each tumor type and on the effects of platinum derivatives on immune cells might explain the differences observed in platinum derivatives' effectiveness according to cancer types.

Here, we will analyze the effects of platinum derivatives on immunogenic cell death (ICD), immune cells and immune checkpoints.

2. Antitumor Immune Response after Chemotherapy Treatments {#sec2-biomolecules-10-00013}
==========================================================

Cell death is characterized by morphological alterations that have been historically used by *The Nomenclature Committee on Cell Death* (*NCCD*) to classify this cellular process into three different forms: type I or apoptosis, type II or autophagy, and type III or necrosis. Although limited, this morphological classification remains widely used, independently of essential molecular aspects of the cell death process. New NCCD classifications focus on molecular mechanisms and on the biochemistry of intracellular signalization effectors. Currently, it is clear that connections and overlaps exist between the different types of cell death. The majority of chemotherapeutic drugs are known to induce apoptosis or necrosis. Engagement of a particular type of cell death depends on the stress type, interaction between induction factors, genetic cell background, organelle content and enzymatic proteins arsenal \[[@B3-biomolecules-10-00013],[@B4-biomolecules-10-00013]\].

The action of chemotherapy relies not only on its cytotoxic effect on cancer cells, but also on its ability to affect immune cells.

2.1. Immunogenic Cell Death (ICD) {#sec2dot1-biomolecules-10-00013}
---------------------------------

Some chemotherapeutic drugs can trigger damage, leading to protein expression at the cell surface, cytokine secretion, or plasma membrane rupture and release of the intracellular content. Released cytoplasmic molecules are danger signals, called DAMPs (damage-associated molecular patterns), which enable the sensitization of tumor antigen recognition by the immune system.

Guido Kroemer's team was the first to highlight the capacity of some chemotherapeutic drugs to induce ICD, characterized by an ability to activate an adaptive immune response specific to exogenous (virus) and endogenous (tumor cells) antigens expressed by dying cells. Murine colon tumor cells (CT26) treated in vitro by lethal concentrations of chemotherapy (such as doxorubicin) enable the vaccination of syngeneic mice against further injection of tumor cells, without any adjuvant. These effects are not reproduced in immunodeficient mice. These studies evidence that tumor cells are able to establish an immune response and require two different factors, antigen presentation and innate immunity stimulation by DAMPs \[[@B5-biomolecules-10-00013]\]. Thus, a high number of chemotherapeutic (mitoxantrone, oxaliplatin) or physical agents (high pressure, radiation) are able to induce ICD. These inductors can trigger an apoptotic caspase-dependent cell death and endoplasmic reticulum (ER) stress, moving the lines that previously considered apoptosis as a non-inflammatory and non-immunogenic cell death \[[@B6-biomolecules-10-00013]\].

ICD is mainly characterized by calreticulin (CRT) exposure at the cell surface of dying tumor cells, release of ATP and HMGB1 (high-mobility group box 1) in the extracellular space, and subsequent activation of an intrinsic IFNα (interferon) pathway and CXCL10 (CXC-chemokine ligand 10) release ([Figure 1](#biomolecules-10-00013-f001){ref-type="fig"}) \[[@B7-biomolecules-10-00013]\].

Some chemotherapeutic agents were shown to be able to induce all these features, such as mitoxantrone, doxorubicin, epirubicin, bleomycin or cyclophosphamide \[[@B8-biomolecules-10-00013]\]. However, this should be considered with caution as these observations can depend on the cell type, concentration and time of exposure to chemotherapy. This will be detailed below for platinum derivatives, but it can also be true for other compounds. Therefore, arose the concept of combining chemotherapies or using new compounds to facilitate drug-induced ICD, mainly by activating initial events responsible for ICD marker appearance. One classical example is CRT exposure, which can be stimulated through ER stress induction.

2.2. ER Stress and CRT Exposure {#sec2dot2-biomolecules-10-00013}
-------------------------------

Immunogenic chemotherapy induces CRT exposure at the cell surface of dying cells, which will behave as an "eat me" signal for dendritic cells (DCs). CRT is a chaperon protein that fixes calcium at the ER level. Its translocation from the ER to the cell surface occurs prematurely, before the transition of phosphatidylserines on the external layer of the plasma membrane (a characteristic event of apoptosis) \[[@B9-biomolecules-10-00013]\]. Three signaling steps are required to lead to CRT exposure: ER stress with eIF2α (eukaryotic initiation factor 2α) phosphorylation, an apoptotic signal, and a transport step from the ER to the Golgi apparatus. This process begins with a high production of radical oxygen species that may allow the activation of ER stress. PERK (protein kinase RNA-like endoplasmic reticulum kinase) phosphorylates eIF2α, which favors the apoptotic process by inducing caspase-8 activation and consequently the cleavage of its target Bap31. Cleaved Bap31 entails Bax and Bak oligomerization, leading to the disruption of mitochondrial permeability, resulting in cytochrome c release in the cytosol. The association of two steps (ER stress and apoptosis) modulates vesicular transport, allowing CRT exocytosis through its translocation from the ER to the plasma membrane via the Golgi apparatus. This transport is dependent on VAMP1 (vesicle-associated membrane protein 1) and SNAP25 (synaptosomal-associated protein 25) \[[@B6-biomolecules-10-00013]\]. Recognition of membrane-associated CRT by CD91 and CD69 on APCs (antigen-presenting cells---DCs, macrophages, neutrophils) favors the phagocytosis of apoptotic bodies and is required to initiate adaptive immune response \[[@B10-biomolecules-10-00013]\]. Moreover, CRT expression on patient tumor cells is a prognosis marker \[[@B11-biomolecules-10-00013]\].

2.3. ATP Release {#sec2dot3-biomolecules-10-00013}
----------------

Many ICD inducers (doxorubicin, mitoxantrone, oxaliplatin) can trigger ATP release from dying tumor cells. Even if this release can be induced by several mechanisms, it seems that the main pathway involved is autophagy, which enables high levels of intracellular ATP. ATP included in cytoplasmic vesicles is transferred into autolysosomes through an autophagy process dependent on ATG5 (autophagy-related gene 5), ATG7 and Beclin1. Autolysosomal LAMP1 (lysosomal-associated membrane protein 1) favors lysosome membrane rupture and ATP release in the cytosol or in the extracellular environment if autolysosomes merge with the plasma membrane. ATP can also be released outside of the cell by the membrane channel pannexin 1 after activation by caspases \[[@B12-biomolecules-10-00013],[@B13-biomolecules-10-00013]\]. Extracellular ATP plays an attractant role on immune cells and can also activate inflammasome. The fixation of ATP on its receptor P2Y2 on monocytes or DCs induces their recruitment and differentiation at the tumor site. Once recruited and activated by "eat me" signals in the tumor, naive immune cells need further activation signals to improve their antitumor capacities. ATP signaling via P2RX7 leads to the release of potassium ions and to NLRP3 inflammasome activation in DCs and macrophages. The assembly of NLRP3 inflammasome triggers caspase-1 activation, which in turn cleaves and maturates IL-1β and IL-18, two pro-inflammatory cytokines \[[@B14-biomolecules-10-00013]\]. Although P2RX7 is expressed on many cell types, ATP mainly acts on DCs after ICD. Overexpression of ectonucleotidases (CD39 and CD73 responsible for ATP degradation into AMP and immunosuppressive adenosine) on tumor cells, T lymphocytes or regulatory T-cells surface limits ATP-mediated immunosurveillance and stops immune response \[[@B15-biomolecules-10-00013],[@B16-biomolecules-10-00013]\].

2.4. HMGB1 Release {#sec2dot4-biomolecules-10-00013}
------------------

HMGB1 is a ubiquitous protein playing an important role in nucleosome stability, transcriptional regulation and DNA repair. In addition to its nuclear function, HMGB1 takes part in inflammation, cell differentiation and migration, and tumor metastasis of remaining cells after chemotherapy \[[@B17-biomolecules-10-00013]\]. HMGB1 is secreted by macrophages \[[@B18-biomolecules-10-00013]\], DCs \[[@B19-biomolecules-10-00013]\] and natural killer (NK) cells \[[@B20-biomolecules-10-00013]\] in response to infection or injury. After chemotherapy treatments, HMGB1 is released by dying tumor cells after nuclear and cytoplasmic membranes' permeabilization. This is a late event in the ICD process. However, the mechanism responsible for HMGB1 release remains to be clearly elucidated. Once in the intercellular space, HMGB1 binds toll-like receptors (TLR) 2 and 4 or RAGE (receptor for advanced glycation end products) \[[@B21-biomolecules-10-00013],[@B22-biomolecules-10-00013]\]. Binding of HMGB1 to DCs' TLR4 seems to be the signal-enabling perception of ICD. This restricts lysosomal degradation of phagocyted material, then leading to antigen presentation. In contrast, RAGE is required for DC maturation. Thus, cell death cannot be seen as immunogenic in the absence of HMGB1 in cancer cells or TLR4 in myeloid cells \[[@B4-biomolecules-10-00013]\]. In addition, binding of HMGB1 to CXCL2 could allow DCs' chemotaxis via CXCR4 signaling \[[@B23-biomolecules-10-00013]\].

Thereby, even if CRT exposure, ATP and HMGB1 release are required, these events separately are not sufficient to allow the immunogenic effect of chemotherapy. Actually, to stimulate the immune system, these three signals are complementary and necessary since they play a role at different levels to attract and activate APCs. ATP and HMGB1 participate in DC recruitment and maturation, whereas CRT favors dying cells' phagocytosis, allowing tumor peptide presentation and activation of naïve and memory lymphocytes localized in secondary or tertiary lymphoid organs. CD8 and CD4 effector T cells will migrate and infiltrate tumors, inhibiting tumor cell proliferation and leading to tumor cell death through IFNγ, TNFα (tumor necrosis factor α), perforin and granzym ([Figure 1](#biomolecules-10-00013-f001){ref-type="fig"}) \[[@B7-biomolecules-10-00013]\].

2.5. Secretion of Other Danger Signals {#sec2dot5-biomolecules-10-00013}
--------------------------------------

After activation of TLR3 on cancer cells, autocrine and paracrine signaling of type 1 IFN is engaged and will entail the production of CXCL10, a chemotactic factor for T lymphocytes \[[@B24-biomolecules-10-00013]\]. Other DAMPs can have a role in cancer cell immunogenicity, such as annexin A1, heat shock proteins (HSP70 and 90) release, PDIA3 (protein disulfide isomerase family A member 3) membrane exposure, and lipid metabolites (cardiolipin, formyl peptide) secretion \[[@B7-biomolecules-10-00013]\].

2.6. Methods to Detect ICD Markers {#sec2dot6-biomolecules-10-00013}
----------------------------------

Several assays are available to monitor ICD features ([Figure 2](#biomolecules-10-00013-f002){ref-type="fig"}). To detect these markers, classical assays have been commercialized, such as ELISA kits or antibodies. Laboratories are required to have common apparatuses such as chemiluminescence and OD readers, western blot and real-time qPCR equipment, fluorescence microscope and flow cytometer.

CRT exposure at the cell surface can be visualized by flow cytometry. To detect this feature, non-permeabilized cells are stained with a specific anti-CRT antibody and with DAPI (4′,6-diamidino-2-phenylindole) or propidium iodide. Because anti-CRT can recognize both extra and intra-cellular CRT, it is imperative to remove DAPI^+^ or PI^+^ cells (corresponding to cells with permeabilized membranes) to be sure to detect only externalized CRT \[[@B9-biomolecules-10-00013],[@B25-biomolecules-10-00013],[@B26-biomolecules-10-00013]\]. After staining, cells can also be observed under a microscope. Another method consists in biotinylation of cell surface proteins, which can be precipitated using streptavidin and analyzed by western blot, using an anti-CRT antibody \[[@B9-biomolecules-10-00013]\]. One difficulty of this method is the need to use pre-apoptotic cells with intact membranes to avoid false-positive results with intra-cellular protein detection. Moreover, genetically modified cells can be used, such as CRT- HaloTag™ \[[@B27-biomolecules-10-00013]\] or CRT- GFP \[[@B28-biomolecules-10-00013]\] transfected cells.

ER stress is responsible for CRT translocation from the ER to the cell membrane. So, an indirect way to evaluate this phenomenon is to analyze ER stress response, such as eIF2α phosphorylation by western blot \[[@B25-biomolecules-10-00013]\], XBP1 (X-box binding protein 1) mRNA splicing by real-time qPCR \[[@B29-biomolecules-10-00013]\], or ATF6 (activating transcription factor 6) nuclear translocation by fluorescence microscopy \[[@B30-biomolecules-10-00013]\].

ATP secretion can be visualized, using the capacity of eukaryotic luciferases to oxidize [d]{.smallcaps}-luciferin in an ATP-dependent manner and produce light. Hence, the more ATP is present in the supernatant or in cell lysates, the more light is produced. ATP secretion can be determined by an increase in the supernatant, a decrease in cells, or both \[[@B25-biomolecules-10-00013],[@B31-biomolecules-10-00013]\]. Quinacrine (a fluorescent probe which can bind ATP) can also be used to detect intracellular ATP levels by fluorescence microscopy \[[@B32-biomolecules-10-00013]\].

HMGB1 release in the cell supernatant can be monitored using specific commercialized ELISA kits \[[@B25-biomolecules-10-00013]\]. Since HMGB1 first translocates from the nucleus to the cytoplasm before release, HMGB1 release can alternatively be assessed by fluorescence microscopy. Using a specific anti-HMGB1 antibody with Hoechst 33342 or DAPI (to stain the nucleus) on chemically permeabilized cells, the loss of nuclear colocalization can be correlated to further HMGB1 release \[[@B33-biomolecules-10-00013]\]. As for CRT, HMGB1 can be visualized using genetically modified cells expressing HMGB1-GFP \[[@B34-biomolecules-10-00013]\].

Finally, ICD activation of antitumor immune response can be proved by "vaccination" experiments, consisting in subcutaneous (s.c.) injection of tumor cells previously treated in vitro with chemotherapy in immunocompetent mice. After one week, mice are re-challenged with living cells of the same type, and tumor appearance is monitored at the second injection point. If no tumor grows, mice have been vaccinated and the chemotherapy is considered immunogenic \[[@B35-biomolecules-10-00013]\].

2.7. Antitumor and Protumor Immune Cells {#sec2dot7-biomolecules-10-00013}
----------------------------------------

APCs phagocyte antigens in the periphery, migrate to the lymphoid organ, and present processed peptides to T cells. This may drive either priming or tolerance. Several myeloid cell subsets have been described, such as DCs, macrophages, and myeloid-derived suppressor cells (MDSCs) \[[@B36-biomolecules-10-00013]\]. DCs are the key APCs. DCs are immune sentinels and may trigger a T-cell response against microbial pathogens, inflammation and tumors \[[@B37-biomolecules-10-00013],[@B38-biomolecules-10-00013]\]. Tumor-associated macrophages (TAMs) are generally classified into two subsets, M1 and M2 macrophages. M1 express nitric oxide synthase, produce TNF-α and IL-12, have potent anti-microbial properties, and promote Th1 responses. M2 produce arginase-1, TGF-β, and IL-10, and support Th2-associated effector functions \[[@B39-biomolecules-10-00013],[@B40-biomolecules-10-00013]\].

MDSCs are immature myeloid cells, which suppress T-cell activation \[[@B41-biomolecules-10-00013]\]. A high number of MDSCs was found in the blood of patients with different types of cancers \[[@B42-biomolecules-10-00013],[@B43-biomolecules-10-00013]\]. In humans and mice, MDSCs from tumor bearers suppress antitumor immunity mainly by inhibiting antigen-specific major histocompatibility complex (MHC) class I-mediated CD8^+^ T-cells activation \[[@B44-biomolecules-10-00013]\]. Generally, MDSCs are divided into PMN-MDSCs (polymorphonuclear MDSCs), sharing phenotypic and morphologic features with neutrophils, and M-MDSCs (monocytic MDSCs), similar to monocytes \[[@B45-biomolecules-10-00013]\].

T lymphocytes participate in host innate anticancer immune response \[[@B46-biomolecules-10-00013]\]. Clinical outcomes and survival in many types of cancers, such as breast \[[@B47-biomolecules-10-00013]\], colorectal \[[@B48-biomolecules-10-00013]\] and lung cancers \[[@B49-biomolecules-10-00013]\], are associated with tumor-infiltrating CD4^+^ and CD8^+^ T cells. CD4^+^ T helper (Th) cells support hematopoietic cells, such as cytotoxic CD8^+^ T lymphocytes (CTLs), NK cells, DCs and macrophages, in immune processes. CD4^+^ Th cells recognize specific antigen peptidic sequences, allowing their activation. These peptides are presented to CD4^+^ Th cells by APCs, through MHC class II molecules. After activation, CD4^+^ Th cells rapidly proliferate and secrete cytokines that will assist or inhibit the immune response \[[@B50-biomolecules-10-00013]\]. The ability of CD8^+^ T lymphocytes to kill malignant cells is induced after recognition of specific antigenic peptides by the TCR (T cell receptor). These peptides are presented on the surface of target cells by human leukocyte antigen class I (HLA-I)/beta-2-microglobulin (β2m) complexes. These functions can be mediated directly, through exocytosis of cytotoxic granules containing granzym and perforin into the target cells or indirectly, through secretion of cytokines, including TNF and IFN-γ, both resulting in cancer cell destruction \[[@B51-biomolecules-10-00013]\].

2.8. Checkpoint Inhibitors {#sec2dot8-biomolecules-10-00013}
--------------------------

Immune checkpoints negatively control T-cell immunity. The discovery of inhibitors of these checkpoints has opened new clinical opportunities for cancer immunotherapy. The most studied are programmed death receptor 1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTLA-4). PD-1 is mainly expressed on activated CD8^+^ T cells, Treg and Tfh localized in the tumor microenvironment, but also on NK and activated B cells. The fixation of PD-1 ligands PD-L1 (B7-H1) and PD-L2 (B7-DC) on PD-1 participates in T-cell exhaustion \[[@B52-biomolecules-10-00013]\]. PD-1 activation triggers the inhibition of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, leading to the suppression of survival and proliferation of T cells, a decrease in protein synthesis, and interleukin (IL)-2 release \[[@B53-biomolecules-10-00013]\]. Directly targeting the receptor with pembrolizumab or nivolumab has shown promising effects in melanoma. PD-L2 seems to have a low importance, since targeting PD-L1 showed beneficial effects in some early phase clinical studies, raising the question about the importance of PD-1/PD-L2 interaction \[[@B54-biomolecules-10-00013]\]. This can be partly explained by the fact that PD-L1 can also interact with the co-stimulatory molecule B7, thus inhibiting T cells \[[@B55-biomolecules-10-00013]\]. CTLA-4 is expressed both on T helper and Treg cells, and binds its ligands CD80 (B7--1) and CD86 (B7--2) present on APCs \[[@B52-biomolecules-10-00013]\]. CD80/CD86 expressed on DCs triggered CTLA-4 signaling, inducing the release of IDO (indoleamine 2,3-dioxygenase), an enzyme that degrades L-tryptophan leading to an arrest of T cells' growth \[[@B56-biomolecules-10-00013]\]. Ipilumimab, an anti-CTLA-4 in association or not with chemotherapy, has shown an improved overall survival in patients suffering from prostate, non-small cell lung cancers (NSCLCs) or melanoma \[[@B54-biomolecules-10-00013]\]. Even if patients benefit from the use of such antibodies, treatments must be improved by optimizing the dosage, by thinking about possible associations with chemotherapy and radiotherapy, or by controlling immune-related events, for example \[[@B54-biomolecules-10-00013]\].

Other checkpoints can also be involved in tumor immune escape such as TIM-3 (T-cell immunoglobulin and mucin domain-containing 3), LAG-3 (lymphocyte activation gene 3 protein), IDO1, BTLA (B- and T-lymphocyte attenuators), A2A-R (A2A adenosine receptor) and VISTA (V-domain immunoglobulin suppressor of T-cell activation) \[[@B52-biomolecules-10-00013],[@B57-biomolecules-10-00013]\].

3. Main Platinum Derivatives Used in Cancer Treatment {#sec3-biomolecules-10-00013}
=====================================================

Cisplatin, carboplatin and oxaliplatin, the main platinum derivatives used in clinic, share similarities in their structure but also have differences in their mode of action (transport or DNA modifications for example) and are not used for the treatment of the same types of cancers ([Table 1](#biomolecules-10-00013-t001){ref-type="table"}).

3.1. Cisplatin {#sec3dot1-biomolecules-10-00013}
--------------

Cisplatin was also known as Peyrone's chloride, from Michele Peyrone, the researcher that originally synthesized it in 1884. Its anticancer properties were evidenced in the 1970s, and it was approved by the FDA (federal drug administration) in 1978. Cisplatin has been used to treat numerous solid neoplasms, such as ovary, testis, bladder, colon, rectum, lung, or head and neck cancers \[[@B66-biomolecules-10-00013]\].

Cisplatin is an alkylated agent that mainly has an effect on double -helix DNA (on nitrogen 7 of guanine or adenosine) by forming intra- and inter-strand connections \[[@B60-biomolecules-10-00013]\]. These adducts form between two puric adjacent bases (between two guanines or between guanine and adenosine) localized on the same strand or on different strands, and lead to DNA structure distortion (47°). Replication and transcription are disrupted, and DNA-cisplatin adducts are recognized by many DNA repair complexes, mainly NER (nucleotide excision repair) and MMR (mismatch repair) to avoid damage, or if this is not possible, to entail apoptotic cell death \[[@B64-biomolecules-10-00013],[@B65-biomolecules-10-00013]\].

Only 1% of intracellular cisplatin can bind DNA. Indeed, cisplatin can also recognize a lot of substrates in the cytoplasm, such as gluthatione, methionine, metallothionein and other proteins, through their cysteine residues. Cisplatin displays an important cytotoxic activity by tipping the redox scale in favor of oxidative stress, leading to mitochondrial membrane permeabilization and DNA damage \[[@B64-biomolecules-10-00013]\].

Cells incorporate cisplatin using CTR1 (cupper transporter 1), a transmembrane protein implicated in cupper homeostasis \[[@B58-biomolecules-10-00013]\]. Other cupper transporters, Type P ATPases ATP7A and ATP7B, also participate in cisplatin import. ATP7A keeps cisplatin in vesicular structures, impairing its spreading, whereas ATP7B is responsible for cisplatin efflux. Some channels seem to be involved in cisplatin transport, namely Na^+^K^+^ ATP pumps and VRAC (volume-regulated anion channels). A deregulation of these transporters is partly responsible for cisplatin resistance phenomena developed by some cancer cells. A reduced incorporation, an increased efflux or a strengthened cytoplasmic confinement/degradation lead to cancer cell resistance and to the establishment of an adaptive response \[[@B60-biomolecules-10-00013]\]. Worth noting, cisplatin has numerous acute and late side effects such as nausea, vomiting, nephrotoxicity, myelosuppression (thrombocytopenia, leucopenia, anemia) and peripheral sensory neuropathy (ototoxicity), which will limit treatment dosage \[[@B64-biomolecules-10-00013]\].

Following cisplatin discovery, 23 other drugs containing platinum were tested in clinical trials, but only two (oxaliplatin and carboplatin) obtained approval for wide international commercialization, while three others (nedaplatin, lobaplatin and heptaplatin) were only authorized in a limited number of countries \[[@B70-biomolecules-10-00013]\].

3.2. Carboplatin {#sec3dot2-biomolecules-10-00013}
----------------

Carboplatin was developed to reduce the toxicity observed with cisplatin, and was put on the market in 1989. The mechanism of action of carboplatin is similar to cisplatin. However, it forms fewer intra-strand and, less frequently, inter-strand connections than cisplatin at equimolar concentrations \[[@B63-biomolecules-10-00013]\]. Thus, DNA-carboplatin adducts are recognized by many DNA repair complexes, mainly NER and MMR \[[@B65-biomolecules-10-00013]\]. The similarities between cisplatin and carboplatin also lead to similar transport mechanisms, i.e., CTR1 and ATP7B \[[@B58-biomolecules-10-00013],[@B60-biomolecules-10-00013]\]. Due to its lower reactivity, the neurotoxicity and ototoxicity of carboplatin are less important. This allows the use of higher and more aggressive dosages when compared to cisplatin. However, the dosage is limited due to serious myelosuppression. Notably, a strong thrombocytopenia is observed, together with neutropenia and anemia \[[@B60-biomolecules-10-00013],[@B66-biomolecules-10-00013]\]. Carboplatin is mainly used in ovary, lung and ENT (ear, nose and throat) cancers but showed reduced efficacy in testis, bladder and epidermoid head and neck cancers. Cancer cells present resistance to carboplatin with similar mechanisms to those observed for cisplatin, raising similar questions for clinicians \[[@B67-biomolecules-10-00013]\]. Consequently, cisplatin remains more often used to treat these particular cancer types.

3.3. Oxaliplatin {#sec3dot3-biomolecules-10-00013}
----------------

Oxaliplatin is a third-generation platinum analogue, which obtained its FDA commercialization authorization in 2002 for the treatment of colorectal cancers. It is one of the most widely used, alone or in combination with others, chemotherapeutic drugs to treat stage II/III colon cancers, metastatic colorectal cancers and NSCLCs (non-small cell lung cancers) \[[@B68-biomolecules-10-00013]\].

This drug is composed of a platinum atom associated with oxalate and a ligand, DACH (diaminocyclohexane). Oxalate significantly reduces oxaliplatin reactivity and consequently limits its toxicity, such as peripheral sensory neuropathy \[[@B60-biomolecules-10-00013]\]. The DACH ligand plays a major role in cytotoxicity and avoids cross-resistance with cisplatin. DACH lipophilic characteristics increase passive absorption of oxaliplatin when compared to cisplatin and carboplatin \[[@B61-biomolecules-10-00013]\]. This explains why oxaliplatin uses other cellular incorporation pathways such as organic cation transporters (OCT) 1 and OCT2. Overexpression of these transporters significantly increases oxaliplatin cellular accumulation (with no effect on cisplatin and carboplatin). Colorectal cancer cells express high levels of OCT transporters, and this may explain why oxaliplatin is efficient in these types of cancers. The role of CTR1 in the transport of oxaliplatin is less evident than for cisplatin. However, resistance acquisition is correlated with a reduced expression of CTR1. A lower β1 subunit of Na^+^, K^+^ -ATPase expression is also observed in oxaliplatin-resistant cancer cells. Copper efflux transporters also seem to play a major role in oxaliplatin sensitivity \[[@B60-biomolecules-10-00013]\].

Similarly to cisplatin, oxaliplatin essentially forms crosslinks between adjacent guanines or, to a lesser extent, between guanine and adenine. However, oxaliplatin-DNA adducts are more efficient at inhibiting DNA synthesis. The voluminous size and lipophilic properties of the DACH ligand allow oxaliplatin to induce DNA conformational distortions and to drive a specific recognition of DNA-oxaliplatin adducts. These adducts are not classically recognized by MMR, rendering oxaliplatin cytotoxicity independent of this type of DNA repair. Moreover, increased DNA-protein crosslink, i.e., DNA synthesis bypassing platin-DNA adducts, is not correlated with oxaliplatin cytotoxicity \[[@B60-biomolecules-10-00013]\]. Oxaliplatin has a different activity spectrum to cisplatin or carboplatin. It induces apoptosis of cancer cells by triggering Bax oligomerization at the mitochondrial level, allowing cytochrome c release in the cytoplasm \[[@B3-biomolecules-10-00013]\].

Oxaliplatin is better tolerated than cisplatin and can replace cisplatin in intolerant patients \[[@B61-biomolecules-10-00013]\]. This chemotherapeutic drug has no hepatic or kidney toxicity but can induce sensorial neuropathy \[[@B69-biomolecules-10-00013]\].

4. Platinum Derivatives and ICD {#sec4-biomolecules-10-00013}
===============================

The main ways to activate antitumor response is to enhance tumor antigen presentation by major histocompatibility complex (MHC) and/or to induce ICD. Cisplatin and oxaliplatin have been shown to stimulate T-cell function, by upregulating MHC class I expression \[[@B71-biomolecules-10-00013],[@B72-biomolecules-10-00013],[@B73-biomolecules-10-00013]\]. However, their ability to induce ICD is less clear.

4.1. Direct Effects {#sec4dot1-biomolecules-10-00013}
-------------------

Only a few clinically approved agents, including anthracyclines (doxorubicin, idarubicin, epirubicin), alkylating agents (cyclophosphamide), platinum derivatives (oxaliplatin) and anthracenediones (mitoxantrone), have been described to trigger ICD \[[@B74-biomolecules-10-00013]\]. Guido Kroemer's team showed that a continuous exposure to oxaliplatin (from 15 to 300 µM, depending on the cell type) induces CRT exposure, ATP and HMGB1 release by different types of cancer cells, such as murine colon cancer (CT26), fibrosarcoma (MCA205) or human bone osteosarcoma (U2OS) \[[@B6-biomolecules-10-00013],[@B31-biomolecules-10-00013],[@B33-biomolecules-10-00013],[@B75-biomolecules-10-00013]\]. These results were confirmed in human and murine pancreatic tumor cell lines (Panc-1 and Pan02), in murine mammary adenocarcinoma (TSA), in murine glioma cells (KR158) and in murine lung carcinoma (LLC) \[[@B76-biomolecules-10-00013],[@B77-biomolecules-10-00013],[@B78-biomolecules-10-00013],[@B79-biomolecules-10-00013]\]. In our recent work, we performed in vitro experiments on CT26 murine colon cancer cells with a brief exposure of cancer cells to chemotherapy to reproduce clinical settings and, in particular, hyperthermic intraperitoneal chemotherapy (HIPEC). Under these conditions (30 min exposure and 24 h resting in medium), oxaliplatin had no effect on ICD, contrarily to what has been previously observed \[[@B25-biomolecules-10-00013]\]. This discrepancy can be explained by the time of exposure. Nevertheless, in metastatic colon cancer patients treated with oxaliplatin-based chemotherapy, the presence of a mutated TLR4 allele is correlated with a significant decrease in progression-free and overall survival \[[@B33-biomolecules-10-00013]\]. Additionally, oxaliplatin has been shown to induce CXCL10 secretion by melanoma cells, another ICD feature \[[@B80-biomolecules-10-00013]\].

Concerning cisplatin, CRT exposure, ATP and HMGB1 release can be observed or not, depending on the cell type and/or the concentrations used and/or treatment duration \[[@B12-biomolecules-10-00013],[@B25-biomolecules-10-00013],[@B31-biomolecules-10-00013],[@B33-biomolecules-10-00013],[@B81-biomolecules-10-00013],[@B82-biomolecules-10-00013],[@B83-biomolecules-10-00013]\]. In LLC, one study reports that 24 h exposure to 20 µM of cisplatin cannot induce immunogenic cell death features \[[@B77-biomolecules-10-00013]\], whereas in another study, treatment of these cells with 2.5 µM during 24 or 48 h induced ATP release and CRT exposure, but not HMGB1 release \[[@B82-biomolecules-10-00013]\]. In CT26 cells, cisplatin can induce HMGB1 and ATP release, but not CRT exposure \[[@B33-biomolecules-10-00013],[@B83-biomolecules-10-00013]\]. In EG7 cells and U2OS cells, cisplatin is able to induce ATP release, but not CRT exposure \[[@B31-biomolecules-10-00013],[@B81-biomolecules-10-00013]\]. In human melanoma cells (BLM), cisplatin induces the three ICD markers \[[@B83-biomolecules-10-00013]\]. Finally, cisplatin was shown to induce CRT expression in B16 melanoma cells and CXCL10 expression in vivo \[[@B84-biomolecules-10-00013]\]. However, co-treatment of CT26 or LL/2 tumor-bearing mice by cisplatin with CXCL10 is required to have more important tumor growth inhibition, suggesting that CXCL10 alone is not enough \[[@B85-biomolecules-10-00013]\].

The ability of carboplatin to induce ICD is less described. One study showed no effect of carboplatin on TSA cells, while another showed that it can induce HMGB1 release and CRT exposure in murine CT26 and MC38 colon cancer cells \[[@B78-biomolecules-10-00013],[@B86-biomolecules-10-00013]\].

Thus, contrarily to carboplatin and cisplatin, oxaliplatin might be able to induce an antitumor immune response through its capacity to induce ER stress, CRT exposure, and ATP and HMGB1 release in dying cancer cells. This was confirmed by "vaccination" experiments \[[@B35-biomolecules-10-00013]\].

Many discrepancies are observed in the ability of some platinum derivatives to induce CRT exposure, ATP and/or HMGB1 release. This can be due to concentrations and time exposure differences, but also to the cell types used. Cell mutational status \[[@B87-biomolecules-10-00013]\], lipid metabolism \[[@B88-biomolecules-10-00013]\] or miRNA expression \[[@B89-biomolecules-10-00013]\] can regulate ER stress and ICD induction by chemotherapy.

4.2. Strategies to Induce or Improve Platinum Derivative-Mediated ICD {#sec4dot2-biomolecules-10-00013}
---------------------------------------------------------------------

One possible method to drive ICD induction by chemotherapy is to combine chemotherapeutic agents with other molecules able to trigger ICD features, such as CRT exposure, ATP or HMGB1 release. An automated epifluorescence microscopy-based platform to detect known biochemical hallmarks of ICD in human cancer cells enabled Kroemer's team to find that cardiac glycosides, such as digoxin and digitoxin, both used in clinical practice, induced ICD \[[@B27-biomolecules-10-00013]\]. Another compound identified is crizotinib. Although this tyrosine kinase inhibitor is able by itself to induce CRT exposure, ATP and HMGB1 release by NSCLCs, a vaccination effect of this compound requires cisplatin (or mitomycin C) treatment. It is worth noting that the combination of crizotinib and cisplatin together with anti-PD-1 and anti-CTLA4 immunotherapy has an important vaccine and antitumor effect \[[@B90-biomolecules-10-00013]\]. Targeting another kinase, the serine/threonine kinase ataxia-telangiectasia mutated and RAD3-related (ATR), with its inhibitor VE-822, induces or increases ICD surrogate markers in the colon cancer model MC38 \[[@B91-biomolecules-10-00013]\].

One way to induce CRT exposure at the cell surface is to induce eIF2α phosphorylation and ER stress (in association with chemotherapy). ER stress results from the accumulation of misfolded proteins, deregulation of redox and calcium homeostasis, or from protein glycosylation inhibition \[[@B92-biomolecules-10-00013]\]. ER stress inducers, such as thapsigargin and tunicamycin, can restore the immunogenicity of cisplatin \[[@B81-biomolecules-10-00013]\] in vitro and in vivo.

Some molecules found in nutrients or used as nutritional supplements have shown an effect on ICD. The vitamin B6 precursor pyridoxine induces or increases CRT exposure, and ATP and HMGB1 release from LLC cells \[[@B82-biomolecules-10-00013]\]. Moreover, zinc dichloride entails eIF2α phosphorylation and CRT exposure on glioblastoma p53-deficient cells \[[@B93-biomolecules-10-00013]\].

Molecules that have the ability to enhance platinum incorporation can also increase ICD. CBP501 (calmodulin binding peptide), an enhancer of platin uptake \[[@B94-biomolecules-10-00013]\], increases cisplatin-mediated CRT exposure and HMGB1 release by CT26 cells and the vaccination potential of in vitro cisplatin -treated cells \[[@B95-biomolecules-10-00013]\]. We also showed that hypotonic stress (induced by glucose 2.5%) can enhance platin incorporation by colon cancer cells, mainly through CTR1 oligomerization, which increases oxaliplatin, cisplatin and carboplatin cytoxicity. Furthermore, hypotonic conditions also allow oxaliplatin and cisplatin (but not carboplatin) to induce ICD. In a murine peritoneal carcinomatosis model (injection of CT26 cells in the peritoneal cavity), oxaliplatin in hypotonic conditions decreased the appearance of tumor nodules and increased mice survival. An increased CD8 T-cell recruitment and activation was observed at the tumor site. Moreover, treatment had no effect in immunodeficient mice or in CD8 T-cells depleted mice \[[@B25-biomolecules-10-00013]\]. An s.c. injection of living CT26 cells, in peritoneal carcinomatosis mice cured by oxaliplatin in hypotonic conditions, does not induce tumor formation when compared with untreated mice that received CT26 cells injection, suggesting that this treatment induces mice vaccination ([Figure 3](#biomolecules-10-00013-f003){ref-type="fig"}).

Finally, in some mesothelioma cell lines, ONCOS-102, an adenovirus that specifically targets cancer cells, is able to increase cisplatin-induced CRT exposure, ATP and HMGB1 release \[[@B96-biomolecules-10-00013]\].

5. Effects of Platinum Derivatives on Immune Cells {#sec5-biomolecules-10-00013}
==================================================

Another possibility for chemotherapy to affect antitumor immune response is to induce immune cell death or activation \[[@B97-biomolecules-10-00013]\]. Cisplatin decreases the number of MDSCs in tumors of B16-bearing mice and in the spleen of CT26-bearing mice, with no effect on T (CD4 and CD8) and B cells \[[@B98-biomolecules-10-00013],[@B99-biomolecules-10-00013]\]. Moreover, cisplatin also depleted PMN-MDSCs in a murine bladder cancer model, which was correlated with increased CD8^+^ T-cell number and activity \[[@B100-biomolecules-10-00013]\]. We have shown that FOLFOX (5-FU/oxaliplatin/folinic acid) can decrease PNN-MDSCs number in patients' blood \[[@B101-biomolecules-10-00013]\]. However, we cannot discriminate the effects of oxaliplatin from those of 5-FU. In mice, oxaliplatin cannot decrease the number of MDSCs in CT26 tumors \[[@B26-biomolecules-10-00013]\]. Finally, in vitro oxaliplatin decreases the number of MDSCs and their immunosuppressive functions \[[@B102-biomolecules-10-00013]\].

In CT26 tumor-bearing mice, oxaliplatin can decrease both TAM1 and TAM2, but with the capacity to increase TAM1/TAM2 ratio \[[@B26-biomolecules-10-00013]\]. This was correlated with in vitro experiments that show that oxaliplatin can inhibit the capacity of glioblastoma-conditioned media to induce M2 differentiation of murine macrophages, mainly by decreasing arginase-1 production \[[@B79-biomolecules-10-00013]\]. Many studies have shown that activated macrophages can lead to tumor cell lysis. Macrophages pre-treated with cisplatin become active, as shown by their capacity to produce NO and pro-inflammatory cytokines and to express TLRs \[[@B103-biomolecules-10-00013]\]. A pro-inflammatory effect of cisplatin was also reported in vitro with an additional cytotoxic effect of this compound on macrophages \[[@B104-biomolecules-10-00013]\]. Further studies are required to precisely identify these effects on TAM1 and TAM2. Indirectly, cisplatin and carboplatin were shown to favor IL-6 and prostaglandin E2 production by cancer cells, allowing macrophage differentiation into M2 subtype \[[@B105-biomolecules-10-00013]\].

Oxaliplatin may indirectly impact DCs due to its ability to induce ICD \[[@B83-biomolecules-10-00013]\]. Moreover, cisplatin only affects pSTAT6 in human DCs, but no effect on cell function was observed \[[@B106-biomolecules-10-00013],[@B107-biomolecules-10-00013]\].

In a murine lung cancer model, cisplatin increased intra-tumoral APCs and the expression of co-stimulatory molecules, then leading to IFNγ and TNFα production by CD8^+^ T cells \[[@B108-biomolecules-10-00013]\]. We also found similar effects of oxaliplatin on CD8^+^ T cells in the murine CT26 tumor model \[[@B26-biomolecules-10-00013]\]. In ovarian cancer patients, carboplatin does not affect CD8^+^ T-cell proportion in blood, but it increases their capacity to produce IFNγ \[[@B109-biomolecules-10-00013]\]. In NSCLC patients treated with paclitaxel/carboplatin/bevacizumab, CD8^+^ T-cell proliferation in peripheral blood is slightly increased \[[@B110-biomolecules-10-00013]\].

Discrepancies between observed effects of platinum derivatives on immune cells can be explained by the model (human, mouse in vitro, in vivo) and chemotherapy regimen (time, concentrations) used. Further studies should be performed to further clarify these discrepancies.

6. Platinum Derivatives and Immune Checkpoints {#sec6-biomolecules-10-00013}
==============================================

Platinum derivatives and anti-PD-1/PD-L1 use in cancer patients' treatment are linked. In some studies, anti-PD-1/PD-L1 were used in platinum derivative-resistant cancers and in others, platinum derivatives were shown to increase anti-PD-1/PD-L1 efficiency ([Table 2](#biomolecules-10-00013-t002){ref-type="table"}). In clinical trials, patients are treated with several chemotherapeutic compounds with or without radiotherapy, making it difficult to identify individual effects of one particular compound. However, platinum derivative-based treatment in association with anti-PD-1 or anti-PD-L1 has been tested in many clinical trials with heterogeneous effects \[[@B111-biomolecules-10-00013],[@B112-biomolecules-10-00013],[@B113-biomolecules-10-00013],[@B114-biomolecules-10-00013]\]. Many pre-clinical studies in mice have shown the limitations of anti-PD-1/PD-L1 therapy. This raises the question of how immunotherapy efficacy should be evaluated. Are there only a few patients eligible for these treatments, and does chemotherapy increase or inhibit immunotherapy? Is there a cancer type specificity?

In a murine colon cancer model, oxaliplatin had no impact on PD-1 expression on MDSCs, TAMs and CT26 tumor cells in vivo. However, it induced PD-1 expression on CD8^+^ T cells, which was associated with a decreased proliferation. The association of oxaliplatin with trifluridine/tipiracil favors PD-L1 expression on tumor cells and improves anti-PD-1 therapy \[[@B26-biomolecules-10-00013],[@B115-biomolecules-10-00013]\]. FOLFOX and, to a lesser extent, oxaliplatin induce PD-L1 expression at CT26 tumor cells' surface in vivo. Although the real effect of oxaliplatin is not known, FOLFOX also enhances PD-L1 expression in tumor cells from patients \[[@B115-biomolecules-10-00013]\].

The TONIC trial on metastatic triple-negative breast cancer patients shows that doxorubicin or cisplatin allows tumors to have the capacity to respond to anti-PD-1. This was deduced from high response rates to anti-PD-1 and from upregulation of immune-related gene sets \[[@B116-biomolecules-10-00013]\]. Cisplatin increased radiotherapy + immunotherapy (anti-PD-1 + anti-CD137) effects on tumor growth in a murine AT-3 breast cancer model \[[@B117-biomolecules-10-00013]\].

In human head and neck squamous cell carcinoma (HNSCC) cell lines, cisplatin could not increase PD-L1 expression in any of the cell lines tested. This observation was confirmed in patients by comparing the expression before and after treatment, using IHC \[[@B118-biomolecules-10-00013]\]. In a syngeneic mouse model of HNSCC, cisplatin impaired T-cell function. Its association with anti-PD-L1/PD-1 was shown to slow down tumor growth and to improve survival without any significant effect on cisplatin-induced toxicities, or on the number and the function of tumor-infiltrating immune cells \[[@B119-biomolecules-10-00013]\]. Similar results were observed in another study. Cisplatin and oxaliplatin induce PD-L1 expression in some but not all murine HNSCC cells, and the therapeutic association of cisplatin or oxaliplatin with anti-PD-1 is as effective as monotherapy \[[@B73-biomolecules-10-00013]\].

Similar observations were shown in lung cancer patients, with different histological characteristics and treated with cisplatin or carboplatin-derived chemotherapy \[[@B120-biomolecules-10-00013]\]. In NSCLC patients treated with paclitaxel/carboplatin/bevacizumab, proliferating peripheral blood CD8^+^ T cells express a higher level of PD-1 and CTLA-4 compared to non-proliferating CD8^+^ T cells \[[@B110-biomolecules-10-00013]\]. In vitro, small cell lung cancer (SCLC) cells resistant to cisplatin after continuous exposure to low doses express higher levels of PD-1 and PD-L1, leading to survival and proliferation \[[@B121-biomolecules-10-00013]\]. In lung cancer models, cisplatin was described to increase PD-L1 expression in patient biopsies, in tumor cells in vitro, and in murine tumor models. This increase in PD-L1 expression was also correlated with a more important antitumor effect of cisplatin combined with anti-PD-L1 in a murine lung carcinoma model \[[@B122-biomolecules-10-00013]\].

Similar results were obtained in murine ovary tumor models \[[@B123-biomolecules-10-00013]\]. Moreover, nivolumab inhibits platinum-resistant ovarian cancer cells by inducing cell apoptosis in vitro \[[@B124-biomolecules-10-00013]\].

In vitro treatment of mesothelioma cell lines or PBMCs with oxaliplatin or cisplatin (IC20) has no impact on the expression of PD-1, PD-L1/2, TIM-3 and other immune checkpoints \[[@B125-biomolecules-10-00013]\].

In contrast, cisplatin seems to be able to increase PD-L1 expression on H22 hepatoma cells both in vitro and in vivo \[[@B126-biomolecules-10-00013]\].

In bladder cancer cell lines, cisplatin is able to induce the expression of PD-L1 in vitro \[[@B127-biomolecules-10-00013]\]. The combination of cisplatin and anti-PD-L1 is also synergic in murine thymoma. Yet, it seems to be correlated with PD-1 expression on CD8^+^ T cells \[[@B128-biomolecules-10-00013]\].

Even if platinum derivatives seem to induce PD-1/PD-L1 expression, some discrepancies were observed. This might be explained by the cell lines (more about the genetic background than tumor type) and compound concentrations used, or by a possible indirect effect of platinum derivatives on cancer cells or neighboring cells that will in turn regulate PD-L1 expression. To our knowledge, no effect of platinum derivatives on other immune checkpoints were reported.

7. Conclusions {#sec7-biomolecules-10-00013}
==============

Cisplatin, carboplatin and oxaliplatin play an important role in antitumor immune response. Oxaliplatin seems to be the compound with the strongest immunogenicity, mainly by its capacity to induce ICD. However, cisplatin and carboplatin also impact this immune response, and many studies showed that some molecules and/or conditions of treatment may help these platinum derivatives, particularly cisplatin, to induce ICD. Further studies are required to understand the mechanisms responsible for the capacity of platinum derivatives to improve antitumor immune response and to favor immune checkpoint inhibitors' efficacy, such as PD-1/PD-L1 and other immune checkpoints.
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![Immunogenic cell death (ICD) characteristics. In response to ICD inducers, cancer cells secrete ATP (which leads to dendritic cell (DC) recruitment and activation), express calreticulin (CRT) and other endoplasmic reticulum (ER) chaperone molecules at the plasma membrane, and release high-mobility group box 1 (HMGB1), leading to DC maturation and initiation of intrinsic type I interferon (IFN) response and CXC-chemokine ligand 10 (CXCL10) production promoting T-cell recruitment. Acting as DAMPs (damage-associated molecular patterns), these molecules favor phagocytosis of cellular debris by antigen-presenting cells (APCs) such as DCs. All these events will engage an adaptive immune response, implicating αβ and γδ T cells and the establishment of an immunological memory. Such a response is able to eradicate cancer cells through an IFNγ-dependent mechanism. Adapted from Galluzzi et al. \[[@B7-biomolecules-10-00013]\].](biomolecules-10-00013-g001){#biomolecules-10-00013-f001}

![Description of main experimental settings to detect ICD in vitro (**A**) and in vivo (**B**). A: After various chemotherapeutic treatments of cancer cells in vitro, supernatants and cancer cells were recovered. ATP, DAMPs and HMGB1 release was measured in the supernatants, by chemiluminescence assay (ATP) and by ELISA (DAMPs and HMGB1). On the cells, HMGB1 was visualized by immunofluorescence (anti-HMGB1 antibody staining with DAPI (4′,6-diamidino-2-phenylindole)), p-eiF2α (eukaryotic initiation factor 2α) by western blot (anti- p-eiF2α and anti- eiF2α antibodies), and CRT exposure by flow cytometry (anti-CRT antibody with DAPI). To obtain results illustration, CT26 murine colon cancer cells were treated or not (Co) for 30 min with 400 µM oxaliplatin in hypotonic medium (Glucose 2.5%) and left for 24 h in a new medium before experiments. B: Mice were subcutaneously (s.c.) injected with CT26 previously treated in vitro with chemotherapy. One week later, live cells were s.c. injected on the opposite flank, and tumor growth was monitored. When chemotherapy is an ICD inducer, no tumor is detected, while if it is not, a tumor will grow at the secondary site of injection. To obtain results illustration, mice were s.c. injected with 500,000 CT26 cells treated as indicated in vitro. One week later, mice were s.c. injected in the opposite flank with 500,000 live CT26 cells. Survival (n = 6 animals per group) was represented using the Kaplan--Meier method. *p* \< 0.01, using log-rank test.](biomolecules-10-00013-g002){#biomolecules-10-00013-f002}

![Oxaliplatin in hypotonic conditions treatment of peritoneal carcinomatosis vaccinates mice. Balb/c mice were intraperitoneally injected with 25,000 CT26 cells in 2 mL glucose 2.5% + 150 mg/L oxaliplatin (Hypo/ox). When animals were cured, 25,000 CT26 cells were s.c. injected, and tumor appearance was monitored. As a control, 25,000 CT26 cells were s.c. injected in Balb/c mice. Survival (n = 6 animals for Control group and n = 5 animals for Hypo/ox group) was represented using the Kaplan--Meier method. *p* \< 0.01, using log-rank test. For more information on material and methods, see \[[@B25-biomolecules-10-00013]\].](biomolecules-10-00013-g003){#biomolecules-10-00013-f003}

biomolecules-10-00013-t001_Table 1

###### 

Main characteristics of platinum derivatives.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                        Cisplatin                                                                                                                                                                    Carboplatin                                                                                                                                                                     Oxaliplatin
  ------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------
  **Generation (FDA Agreement Date)**   First (1978)                                                                                                                                                                 Second (1989)                                                                                                                                                                   Third (2002)

  **Structure**                         ![](biomolecules-10-00013-i001.jpg)                                                                                                                                          ![](biomolecules-10-00013-i002.jpg)                                                                                                                                             ![](biomolecules-10-00013-i003.jpg)

  **Main Cellular Transporters**        CTR1 \[[@B58-biomolecules-10-00013]\]\                                                                                                                                       CTR1 \[[@B58-biomolecules-10-00013]\]\                                                                                                                                          Passive absorption \[[@B61-biomolecules-10-00013]\]\
                                        OCT1, OCT2 \[[@B59-biomolecules-10-00013]\]\                                                                                                                                 ATP7B \[[@B60-biomolecules-10-00013]\]                                                                                                                                          CTR1 \[[@B58-biomolecules-10-00013],[@B60-biomolecules-10-00013]\]\
                                        ATP7A and ATP7B \[[@B60-biomolecules-10-00013]\]\                                                                                                                                                                                                                                                                                                            OCT1, OCT2 \[[@B60-biomolecules-10-00013]\]\
                                        Na^+^, K^+^ -ATPase pump \[[@B60-biomolecules-10-00013]\]\                                                                                                                                                                                                                                                                                                   Na^+^, K^+^ -ATPase pump \[[@B60-biomolecules-10-00013]\]\
                                        VRAC \[[@B60-biomolecules-10-00013]\]                                                                                                                                                                                                                                                                                                                        MATEs \[[@B62-biomolecules-10-00013]\]

  **DNA Adducts**                       Intra-strand and less frequently inter-strand connections \[[@B60-biomolecules-10-00013]\]                                                                                   Fewer intra-strand and less frequently inter-strand connections than with cisplatin at equimolar concentrations \[[@B60-biomolecules-10-00013],[@B63-biomolecules-10-00013]\]   Intra and inter-strand connections more stable and inducing a more important DNA distortion \[[@B60-biomolecules-10-00013]\]

  **Repair Mechanisms**                 NER and MMR \[[@B64-biomolecules-10-00013],[@B65-biomolecules-10-00013]\]                                                                                                    NER and MMR \[[@B65-biomolecules-10-00013]\]                                                                                                                                    NER \[[@B65-biomolecules-10-00013]\]

  **Type of Cancer**                    Ovary, testis, bladder, colon, rectum, lung or head and neck cancers \[[@B66-biomolecules-10-00013]\]                                                                        Ovary, lung and ENT\                                                                                                                                                            Stage II/III colon cancers, metastatic colorectal cancers and NSCLCs \[[@B68-biomolecules-10-00013]\]
                                                                                                                                                                                                                     Reduced efficacy in testis, bladder and epidermoid head and neck cancers \[[@B67-biomolecules-10-00013]\]                                                                       

  **Side Effects**                      Nausea, vomiting, nephrotoxicity, myelosuppression (thrombocytopenia, leucopenia, anemia) and peripheral sensory neuropathy (ototoxicity) \[[@B64-biomolecules-10-00013]\]   Less important neurotoxicity and ototoxicity than cisplatin\                                                                                                                    Sensorial neuropathy but no hepatic or kidney toxicity \[[@B69-biomolecules-10-00013]\]
                                                                                                                                                                                                                     Serious myelosuppression strong thrombocytopenia, neutropenia and anemia \[[@B60-biomolecules-10-00013],[@B66-biomolecules-10-00013]\]                                          
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

biomolecules-10-00013-t002_Table 2

###### 

Immune checkpoints and platinum derivatives crosstalk.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                                                                                                    Cisplatin                                                                                                                           Carboplatin                                                                       Oxaliplatin
  ------------------------ ---------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Mouse**                **CT26 Colon Cancer**                                                                                                                                                                                                                                                                                                                                          ↗ PD-1 on CD8^+^ T-cells \[[@B26-biomolecules-10-00013],[@B115-biomolecules-10-00013]\]\
                                                                                                                                                                                                                                                                                                                                                                                          Oxaliplatin with trifluridine/tipiracil or FOLFOX ↗ PD-1 on tumor cells and ↗ anti-PD-1 therapeutic effect \[[@B26-biomolecules-10-00013],[@B115-biomolecules-10-00013]\]

  **AT-3 Breast Cancer**   ↗ radiotherapy + immunotherapy (anti-PD-1 + anti-CD137) effects \[[@B117-biomolecules-10-00013]\]                                                                                                                                                                                                                                                              

  **HNSCC**                Impaired T-cell function \[[@B119-biomolecules-10-00013]\]\                                                                                                                                                                                                                  ↗ PD-L1 expression on cancer cells \[[@B73-biomolecules-10-00013]\]\              
                           ↗ PD-L1 expression on cancer cells \[[@B73-biomolecules-10-00013]\]\                                                                                                                                                                                                         Association with anti-PD-L1/PD-1 has no effect \[[@B73-biomolecules-10-00013]\]   
                           Association with anti-PD-L1/PD-1 improve therapeutic effects \[[@B119-biomolecules-10-00013]\] or not \[[@B73-biomolecules-10-00013]\]                                                                                                                                                                                                                         

  **NSCLC**                ↗ PD-L1 expression in tumors \[[@B122-biomolecules-10-00013]\]\                                                                                                                                                                                                                                                                                                
                           ↗ cisplatin combined with anti-PD-L1 antitumor effect \[[@B122-biomolecules-10-00013]\]                                                                                                                                                                                                                                                                        

  **Thymoma**              Cisplatin and anti-PD-L1 ↗ therapeutic effect \[[@B128-biomolecules-10-00013]\]                                                                                                                                                                                                                                                                                

  **H22 Hepatoma**         ↗ PD-L1 expression on tumor cells \[[@B126-biomolecules-10-00013]\]                                                                                                                                                                                                                                                                                            

  **Human**                **Metastatic Triple-Negative Breast Cancer**                                                                                             ↗ anti-PD-1 patient response \[[@B116-biomolecules-10-00013]\]                                                                                                                                                        

  **HNSCC**                No effect on PD-L1 expression \[[@B118-biomolecules-10-00013]\]                                                                                                                                                                                                                                                                                                

  **NSCLC**                ↗ PD-L1 expression in patient biopsies \[[@B122-biomolecules-10-00013]\]                                                                 Paclitaxel/carboplatin/bevacizumab ↗ PD-1 and CTLA-4 on proliferating peripheral CD8^+^ T-cells \[[@B110-biomolecules-10-00013]\]                                                                                     
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
